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Nitric Oxide Mediates the Stress Response Induced by
Diatom Aldehydes in the Sea Urchin Paracentrotus
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Abstract

Diatoms are ubiquitous and abundant primary producers that have been traditionally considered as a beneficial food source
for grazers and for the transfer of carbon through marine food webs. However, many diatom species produce
polyunsaturated aldehydes that disrupt development in the offspring of grazers that feed on these unicellular algae. Here
we provide evidence that production of the physiological messenger nitric oxide increases after treatment with the
polyunsaturated aldehyde decadienal in embryos of the sea urchin Paracentrotus lividus. At high decadienal concentrations,
nitric oxide mediates initial apoptotic events leading to loss of mitochondrial functionality through the generation of
peroxynitrite. At low decadienal concentrations, nitric oxide contributes to the activation of hsp70 gene expression thereby
protecting embryos against the toxic effects of this aldehyde. When nitric oxide levels were lowered by inhibiting nitric
oxide synthase activity, the expression of hsp70 in swimming blastula decreased and the proportion of abnormal plutei
increased. However, in later pluteus stages nitric oxide was no longer able to exert this protective function: hsp70 and nitric
oxide synthase expression decreased with a consequent increase in the expression of caspase-8. Our findings that nitric
oxide production increases rapidly in response to a toxic exogenous stimulus opens new perspectives on the possible role
of this gas as an important messenger to environmental stress in sea urchins and for understanding the cellular mechanisms

underlying toxicity during diatom blooms.
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Introduction

Diatoms are one of the largest and ecologically most significant
groups of organisms on Earth, accounting for as much as 20% of
global photosynthetic fixation of carbon (~20 Pg carbon fixed per
year) [1], which is more than all the world’s tropical rainforests.
These microscopic, unicellular algae have traditionally been
considered as beneficial for the reproduction and development
of plankton primary consumers, consisting mainly of small
crustacean copepods that dominate the zooplankton, and in the
transfer of carbon to higher trophic levels. The discovery that
some diatom species produce polyunsaturated aldehydes (PUAs)
with antiproliferative activity [2] has challenged this view [3]
introducing a new perspective into plant-animal interactions and
energy flux in marine food chains.

PUAs are the end-products of a lipoxygenase/hydroperoxide
lyase metabolic pathway [4—7] initiated by damage to algal cells, as
occurs through grazing by predators. Cell damage activates lipase
enzymes, which liberate polyunsaturated fatty acids from cell
membranes that are immediately oxidized and cleaved within
seconds to form PUAs and a plethora of other metabolites
collectively termed oxylipins. The specific type and quantity of
oxylipins produced differs between diatom species and strains due
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to a variety of precursor polyunsaturated fatty acids and enzymes
with variable effects on grazers. Similar wound-activated com-
pounds are also found in terrestrial plants where they play a
pivotal role in defense because of their antibacterial, wound
healing and antiproliferative activity [8]. What remains unclear
and still hotly debated in biological oceanography is the function
of these molecules in the marine environment [3,9].

PUAs can compromise embryonic and larval development in
benthic organisms as well, by inhibiting fertilization processes,
reducing larval fitness and inducing teratogenesis in several
broadcast spawning species [10,11]. For example, sea urchin
gametes incubated in the diatom PUA decadienal (DD) showed
impaired fertilization success due to inhibition of both sperm
motility [12,13] and pronuclear fusion [14]. Arrest of cell cleavage
has been reported by various authors in both Paracentrotus lividus
and Sphaerechinus granulars eggs treated with DD [2,15,16]. DD has
been found to induce apoptotic events via caspase-3-like protease
activity [17] and inhibit tubulin polymerization, DNA synthesis
and cyclin B/Cdk] kinase activity [14], leading to arrest in cell
cycle progression in early embryos.

To better understand the mechanism by which PUAs affect sea
urchin development we investigated the possible involvement of
nitric oxide (NO), a well-known physiological messenger formed
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by the oxidation of L-arginine catalyzed by the enzyme nitric
oxide synthase (NOS), which is endogenously produced during sea
urchin development. NO is implicated in important processes
occurring at fertilization in sea urchin, such as duration of the
calcium transient, increase in NAD(P)H and HyO, production and
fertilization envelope hardening [18,19]. However, there are no
data on the possible involvement of NO in early development
processes including cell cycle regulation and transcriptional gene
regulatory networks that have been extensively studied and well
characterized in this model organism [20-23]. On the contrary, in
later developmental stages, NO has been shown to act as a signal
during settlement and metamorphosis [24,25]. To our knowledge
no information is available on the role of NO in response to
environmental stress in sea urchins. In other marine organisms,
NO is considered an ancient cellular signal of environmental stress
with elevated temperatures activating NO production in sponges
[26]. Other stimuli such as salinity and light have also been shown
to give rise to NO bursts in culture media of marine microalgae
[27]. Recently, NO has been shown to be involved in coral
bleaching by affecting the symbiotic relationship between corals
and algae [28-30].

Here we show that this gas mediates the toxic effect of diatom
PUAs on sea urchin P. lvidus development: at high DD
concentrations NO induces initial apoptotic events whereas at
low DD concentrations, NO protects developing embryos against
teratogenesis through the expression of specific genes such as

hsp70.

Materials and Methods

Ethics Statement

Paracentrotus lividus (Lamarck) sea urchins were collected from a
location that is not privately-owned nor protected in any way,
according to the authorization of Marina Mercantile (DPR 1639/
68, 09/19/1980 confirmed on 01/10/2000). The field studies did
not involve endangered or protected species. All animal proce-
dures were in compliance with the guidelines of the European
Union (directive 609/86).

Gamete collection

Sea urchins were collected during the breeding season by our
fishermen in the Gulf of Naples, transported in an insulated box to
the laboratory within 1 h after collection, and maintained in tanks
with circulating sea water until testing. To induce gamete ejection,
sea urchins were injected with 0.2 ml of 0.2 M acetylcholine
(Sigma-Aldrich) through the peribuccal membrane. Eggs were
washed with filtered sea water (FSW) and kept in FSW until use.
Cloncentrated sperm was collected dry and kept undiluted at +4°C
until use. Sperm to egg ratios were 100:1 for both controls and
treated embryos.

Nitric oxide (NO) detection

NO detection was performed using 4-amino-5-methylamino-
2",7'-difluorofluorescein ~ diacetate (DAF-FM-DA) (Molecular
Probes), a fluorescent probe that is often used for imaging
mntracellular NO production in biological systems including sea
urchins [18,19,31]. About 50 sea urchin eggs were incubated in
the dark with 50 uM DAF-FM-DA in FSW (200 pl) for 20 min.
Eggs were washed three times in FSW for an overall duration of
30 min to allow de-esterification of intracellular diacetate. Washed
eggs were incubated for 10 min with 2-frans-4-trans-decadienal
(DD) (Sigma—Aldrich) at concentrations ranging from 1 to 5 pug/
ml in the absence or presence of 800 uM [2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3oxide] (c-PTIO) (Alexis).
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DD stock solutions were prepared as recently described [11].
Control eggs were incubated for the same length of time in FSW.
Eggs were fertilized as reported above. Acquisition of fluorescence
started immediately and lasted for at least 20 min using a Zeiss-
LSM 510 META confocal microscope in time lapse mode (Laser
488, emission filter: BP 500-550). To calculate changes in
fluorescence for each sample we used the Image] program and
calculated the difference between initial fluorescence prior to DD
addition and after 20 min DD treatment. A selected region of
interest was used to include the whole egg, with or without the
fertilization envelope, and mean values were obtained from a
number of eggs ranging from 4 to 6. Only fertilized eggs were
considered for fluorescence measurements. One-way ANOVA
with Tukey’s post test was performed using GraphPad Prism
version 4.00 for Windows (GraphPad Software, San Diego
California USA).

Mitochondrial functionality assay and apoptosis
detection

To assess mitochondrial functionality, the fluorescent dye Mito
Tracker (Molecular Probes) was used. This dye stains mitochon-
dria in live cells and is accumulated inside the organelle depending
on membrane potential. Eggs were incubated for 10 min in 5 pg/
ml DD in the absence or presence of 10 uM [manganese (III)
tetrakis (4-benzoic acid) porphyrin chloride] (MnTBAP) (Alexis).
Eggs were then fertilized as reported above and after 20 min
incubated in 200 pul of 2.5 uM Mito Tracker in FSW (stock
solution: 1 mM in DMSO) in the dark. Control samples were run
in parallel in FSW. Fluorescence was visualized at 50 min post-
fertilization using a Zeiss-LSM 510 META confocal microscope
(Laser 543, emission filter: BP 565-615).

To assess apoptosis, eggs were incubated for 10 min in 4 ml
FSW containing DD, in the absence or presence of 800 uM of the
NO scavenger c-PTIO added 10 min before DD. Eggs were
fertilized as described above and the appearance of blebbing was
evaluated at different time intervals by counting at least 200
embryos for each well using a light microscope (Zeiss Axiovert
135TV). Controls were performed in FSW. Experiments were
conducted in triplicate using three egg groups collected from three
different females.

Teratogenic assay

Eggs were fertilized as described above and allowed to develop
at 20°C in a controlled temperature chamber at 12:12 light/dark
cycle. Before fertilization, eggs were incubated for 10 min in DD
or FSW (control) at the concentrations indicated in the text.
Incubations with 1-(2-trifluoromethylpheniljimidazole (TRIM)
(Alexis) or ANC-nitro-D-arginine (D-NA) (Alexis) or N”-nitro-L-
arginine (L-NA) (Sigma) were performed for 10 min before DD
addition. Experiments were conducted in triplicate using three egg
groups collected from three different females. After 48 h
incubation, the percentage of dead and abnormal plutei were
determined by counting at least 200 embryos for each well [32]
using a light microscope (Zeiss Axiovert 135TV). Pictures were
taken using a Zeiss Axiocam connected directly to the microscope.
One-way ANOVA with Tukey’s post test was performed using
GraphPad Prism version 4.00 for Windows (GraphPad Software,
San Diego California USA).

RNA extraction and cDNA synthesis

About 30000 eggs in 200 ml FSW were treated for 10 min with
0.25 pg/ml DD and then fertilized. Incubation with 100 uM
TRIM was performed for 10 min before DD addition. (Z)-1-[N-(3-
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Aminopropyl)-N-[4-(3-aminopropylammonio)butyl]-amino]diazen-

1-ium-1,2-diolate (Sper/NO) (Alexis) or spermine (Sigma) was
added 3 min after fertilization. Samples (50 ml) were collected at 5,
9, 24 and 48 h post fertilization (hpf) by centrifugation at 1800 rcf
for 10 min in a swing out rotor at 4°C. The pellet was washed with
phosphate buffered saline and then frozen in liquid nitrogen and
kept at —80°C. Total RNA was extracted for each developmental
stage using TRIzol (Invitrogen) according to the manufacter’s
instructions. Extraction with chloroform/isoamyl alcohol (24:1) was
performed following RNA precipitation by addition of glycogen and
isopropyl alcohol. Contaminating DNA was degraded by treating
each sample with DNase RNase-free kit (Roche) according to the
manufacter’s instructions. The quantity and purity of total RNA
extracted was estimated by monitoring both the absorbance at
260 nm and 260/280 and 260/230 nm ratios by Nanodrop (ND-
1000 UV-Vis Spectrophotometer; NanoDrop Technologies). The
quality of RNA was evaluated by gel electrophoresis. Intact rRNA
subunits (28S and 18S) were observed on the gel indicating minimal
degradation of the RNA. For each sample 600 ng of total extracted
RNA was retrotranscribed with iScript™ ¢DNA Synthesis kit
(Biorad) following the manufacter’s instructions. cDNA was diluted
1:2 with HyO prior to use in Real Time gPCR experiments.

Isolation of reference gene and Real Time qPCR

For all real time qPCR experiments the data from each cDNA
sample were normalized against ubiquitin mRNA level as
endogenous reference, the expression level of which remained
relatively constant in all the developmental stages examined
according to Nemer ez al, 1991 [33]. Because ubiquitin sequence of
P. lividus is not available, a 150 bp fragment was amplified using
specific primers for ubiquitin of Strongylocentrotus purpuratus [33,34].
The amplified fragment using Taq High Fidelity PCR System
(Roche) was purified from agarose gel using QIAquick Gel
extraction kit (Qiagen) and specificity of PCR product for
ubiquitin was checked by DNA sequencing. The same procedure
was applied in order to analyze the expression level of NOS gene.
Because NOS sequence of P. lividus is not available, specific primers
were designed for a region of 72 bp, comprising FAD-iso domain,
on NOS sequence of S. purpuratus, using the program Primer3
software (http://frodo.wi.mit.edu/cgi-bin/primer3_www.cgi; [35]:
NosA_For4 5" CCACGATACTACTCCATCTC 3'; NosA_Revd
5" GACCACGGCGACGGTTGCATG 3'. Specificity of PCR
product was checked by DNA sequencing (see above). Specific
primer sets for /sp70 (accession number X61379) [36] and caspase-8
(accession number EU078681) [37] were designed on the basis of
sequences. The following primers were used:

hsp70_forward 5 CAGAACCACGCCCAGCTATG 3';

hsp70_reverse 5 GCTTGGATGCTACTATCGTTG 3';

Cas8_PLF2 5" GATACGACGAGCAGCGCAACATCTAG
3';

Cas8_PL_ R2 5" CTAGCATCATCCACTCTCATCCACTG-
CAC 3'.

A fragment of 150 bp was amplified for Asp70 gene, a fragment
of 146 bp for caspase-8 gene.

Specificity of every amplification reaction was verified by
melting curve analysis. The efficiency of each primer pair was
calculated according to standard methods curves using the
equation E=10""P°_ Five scrial dilutions were set up to
determine Ct values and reaction efficiencies for all primer pairs.
Standard curves were generated for each oligonucleotide pair
using the Ct values versus the logarithm of each dilution factor.
PCR efficiencies were calculated for reference and target genes
and were found to be 2. Diluted cDNA was used as a template in a
reaction containing a final concentration of 0.3 uM for each
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primer and 1 x FastStart SYBR Green master mix (total volume of
25 ul). PCR amplifications were performed in a Chromo 4™
Real Time Detector (Biorad) thermal cycler using the following
thermal profile: 95°C for 10 min, one cycle for cDNA denatur-
ation; 95°C for 15 sec and 60°C for 1 min, 40 cycles for
amplification; 72°C for 5 min, one cycle for final elongation;
one cycle for melting curve analysis (from 60°C to 95°C) to verify
the presence of a single product. Each assay included a no-
template control for each primer pair. To capture intra-assay
variability all Real Time gqPCR reactions were carried out in
triplicate. Fluorescence was measured using Opticon Monitor 3.1
(Biorad). The expression of each gene was analyzed and internally
normalized against ubiquitin using REST software (Relative
Expression Software Tool) based on Pfaffl method [38,39].
Relative expression ratios above two cycles were considered
significant. Experiments were repeated at least twice. Statistical
analysis was performed using GraphPad Prism version 4.00 for
Windows (GraphPad Software, San Diego California USA).

Results

Involvement of NO in DD-induced apoptosis

Endogenous NO levels were monitored in P. lvidus eggs using
the NO indicator DAF-FM-DA. Control eggs produced NO soon
after fertilization and after 20 min fluorescence was mainly visible
in the perivitelline space and fertilization membrane (Figure 1AE).
Eggs treated with DD showed a stronger increase in NO levels
within the matrix of the eggs compared to controls, and this
increment was concentration-dependent (Figure 1B-E). At the
highest DD concentration (see Figure 1D), the fertilization
membrane adhered to the egg surface indicating that DD
mterfered with elevation of the membrane typical at fertilization.
The NO scavenger c-PTIO led to a decrease in measured
fluorescence both in the control (75%) and 3.5 pg/ml DD-treated
samples (41%).

High DD concentrations (>3.5 pg/ml) are known to block cell
cleavage and induce apoptosis [17]. Here we investigated
whether NO was involved in the induction of apoptosis by
examining for the first time the effect of DD on mitochondrial
functionality. After treatment with DD in the presence of
Mitotracker, which specifically marks active mitochondria,
fluorescence decreased dramatically with respect to the control
(Figure 2A,C), thus revealing that DD impairs mitochondrial
functionality. This was rescued by the peroxynitrite scavenger
MnTBAP (Figure 2E) suggesting that oxidative species deriving
from NO, such as peroxynitrite, were implicated in initial
apoptotic pathways. To further investigate the involvement of
NO in apoptosis progression, we treated unfertilized eggs with
DD in the presence of the NO-scavenger c-PTIO. This treatment
did not revert apoptosis since blebbing, monitored at different
time intervals, occurred at all DD concentrations tested and was
evident throughout the embryo (Figure 3). Similar results were
obtained with the peroxynitrite scavenger MnTBAP (data not
shown).

Involvement of NO in DD-induced teratogenesis

As shown in a previous study [11], teratogenesis in sea urchins
occurs at =0.2 ug/ml DD with an increase in the number of
abnormal plutei. These plutei showed severe malformations such
as asymmetrical arms and spicules, reduced length of the arms and
spicules, and a shortening of the apex from an “Eiffel Tower”-like
triangular larva to a more rounded pyramidal shape as if these
larvae were retarded in growth. Such larvae did not develop
further and were hence considered abnormal (teratogenic) because
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Figure 1. Detection of endogenous NO levels in sea urchin fertilized eggs. NO was revealed by the NO-specific indicator DAF-FM-DA. (A)
Control eggs, (B,C and D) eggs treated for 10 min with 1, 2.5 and 5 pug/ml DD, respectively, and then fertilized. The images were acquired 20 min
post-fertilization. (E) Relative fluorescence after 20 min post-fertilization for the same samples reported in the upper panel. White bars indicate
relative fluorescence inside the eggs. Gray bars indicate fluorescence in the perivitelline space and fertilization membrane. Values are reported as
mean * S.D. ¥, p<0.05; *** p<<0.001 with respect to the control. Statistical significance of 5 pg/ml: *** p<<0.001 compared with 2.5 ug/ml. Control:

N=5; DD 1 ug/ml: N=4; DD 2.5 ug/ml: N=4; DD 5 pg/ml: N=6.
doi:10.1371/journal.pone.0025980.9001

they deviated from normal development. To investigate the
possible involvement of NO in teratogenesis induced by low DD
concentrations the effect of different NOS inhibitors was examined
on sea urchin development. The inhibitors included the amino
acid L-NA, which competes for the binding site of the substrate L-
arginine, and the imidazole derivative TRIM which interferes with
the binding of both L-arginine and the cofactor BH4. These
inhibitors were first tested together with the control D-NA which is
inactive on NOS. Both L-NA and D-NA affected development
compared to TRIM which had no effect at the concentrations
tested (Figure S1). For these reasons, TRIM was used in successive
experiments. Here, we show that at two different DD concentra-
tions (0.1, 0.25 pg/ml), the number of abnormal plutei increased
with increasing TRIM concentrations (from 20 to 100 uM)
suggesting a protective function for NO against teratogenesis
(Figure 4).

NO-mediated teratogenesis: gene expression

Expression levels of some relevant genes, such as hsp70, NOS
and caspase-8, were followed by real time qPCR in P. lvidus
developing embryos incubated in the presence of 0.25 pg/ml DD.
Samples were collected at 5, 9, 24 and 48 hpf, corresponding to
the stages of early blastula, swimming blastula, prisma and pluteus,
respectively. As endogenous reference we used the gene which
encodes for ubiquitin, the expression of which remained constant
in all examined stages. Figure 5A shows the relative expression
ratio of examined genes with respect to the control. Hsp70 showed
a 4.4-fold increase at 9 hpf in the swimming blastula. At 5, 24 and
48 hpf, expression levels were comparable to the control. NOS
gene remained at the basal level during all developmental stages
except in the prisma where there was a 5.2-fold decrease in the
expression of the gene compared to the control. Expression of
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caspase-8 increased at 24 hpf, reaching values of 3.4 and 5.3-fold
increase at 24 and 48 hpf in the prism and pluteus, respectively.

To test whether NO was involved in the increased expression of
hsp70, eggs were pre-treated with 0.25 ug/ml DD in the presence
of TRIM and then fertilized. Samples were collected after 5, 9 and
24 hpf and checked for Asp70 expression. A 2-fold increase was
recorded after 9 hpf in the swimming blastula (Figure 5B) as
opposed to the 4.4-fold increase in the absence of TRIM (see
Figure 5A), indicating that NO contributed to the activation of
hsp70 expression. No significant differences were observed for
blastula (5 hpf) and prisma (24 hpf) stages. TRIM alone induced a
3-fold increase in Asp 70 expression suggesting that TRIM may
generate a slight stress response in sea urchin embryos at 9 hpf.

To further demonstrate that NO is responsible for /Asp70
activation, samples of sea urchin eggs were treated with increasing
concentrations of the NO donor, sper/NO. As a control we used
spermine, the product deriving from sper/NO after NO release.
At 9 hpf the relative expression of Asp70 increased 4.1-, 5.4-, 7.1-
and 7.6-fold at 5, 10, 20 and 40 uM sper/NO, respectively
(Fig. 5C). At 5 hpf and 24 hpf there was no significant difference
with respect to the control.

Discussion

The results of this study provide evidence that NO mediates the
stress response of sea urchin P. lvidus embryos against the toxic
effects of the diatom-derived aldehyde DD. At high DD
concentrations (=2.5 pg/ml), there is a dramatic burst in NO
production in newly fertilized eggs compared to controls. At this
stage, eggs are known to undergo a rapid increase in NO
production which mobilizes intracellular calcium stores, regulates
the duration of the calcium transient and fertilization envelope
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Figure 2. Mitocondrial functionality of developing sea urchin
embryos. (A,C and E) Active mitochondria revealed by the mitochon-
drial-specific fluorescent dye Mitotracker after 50 min post-fertilization.
(B,D and F) Corresponding bright field images. (A) Control embryos. (C)
Embryos incubated with 5 ug/ml DD; (E) embryos incubated with 5 pg/
ml DD in the presence of the peroxynitrite scavenger MnTBAP (10 uM).
doi:10.1371/journal.pone.0025980.g002

hardening [40,18,19]. In our experiments the increase in NO was
mainly localized on the fertilization membrane in control
conditions, whereas after treatment with DD the NO burst was
mostly associated with the egg matrix. To our knowledge this is the
first study to report such an effect on NO stores in the egg matrix
challenged with a toxicant. With increasing DD concentrations,
NO increased and at 5 pg/ml elevation of the fertilization
envelope was hampered suggesting interference with exocytosis
and hardening processes. This burst in NO eventually leads to
initial stages of apoptosis (i.e. alterations of mitochondrial
membrane potential) through the formation of the highly reactive
species peroxynitrite, thus providing new insights on the
mechanism of action of DD. The fact that scavengers of NO or
peroxynitrite were unable to revert morphological changes typical
of final stages of apoptosis, such as blebbing, suggests that other
apoptotic NO-independent pathways are responsible for apoptosis
progression at high DD concentrations [17].

At low DD concentrations (0.25 pg/ml), NO seems to have a
protective function, acting to defend the embryo against
teratogenesis by increasing /sp70 expression levels. When NO
levels are lowered by inhibiting NOS activity with TRIM, the
expression of hsp70 decreases and the proportion of abnormal
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plutei increases. On the other hand, increasing NO levels with the
NO donor Sper/NO triggers a dose-dependent increase in fsp70
expression. Sea urchins have been shown to activate different hsps
as a general protective strategy against a variety of stress-inducing
agents [41-43], including heat shock [44-46], heavy metals
[45,47,48], and the calcium chelator EGTA [49]. Activation of
hsp70 by NO has also been observed in other systems such as
hepatocyte cell cultures and rat organs, in response to heat shock
[50]. Here we show that sea urchins activate this hsp when
challenged with DD at lower concentrations (0.25 pg/ml) at the
swimming blastula stage. However, prolonged exposure to DD (24
and 48 hpf) at this concentration leads to a decrease in /sp70
expression levels compared to controls, with a concomitant down-
regulation in NOS levels. Hence NO 1is no longer able to exert a
protective function and, as a consequence, at 48 hpf the expression
of the initiator caspase-8 increases.

This Janus faced (sensu Snyder, 1993) [51] role of NO in sea
urchin recalls the “stress surveillance system” described by Vardi
et al, 2006 [52], who observed that at high DD concentrations
(=2 pg/ml) there was a burst in NO production in the marine
diatom Phaeodactylum tricornutum which resulted in cell death of this
unicellular alga. Pretreatment of cells with sub-lethal doses of this
aldehyde (0.1 pg/ml for 2 hr), however, induced resistance to
subsequent lethal doses of DD. Our results showing a protective
function for NO may provide a molecular explanation to this
resistance due to the activation of /hsp70 expression. Other
examples of this dual role of NO are reported both in plants
and animals. In higher terrestrial plants NO has been shown to be
cither toxic or protective to abiotic stress such as heat shock,
drought stress, salinity, UV-B radiation and heavy metal toxicity
[53-59] depending on both the concentration of NO and the
tissue where it is acting. Also in some human diseases such as in
multiple sclerosis NO appears to have a dual function, one pro-
inflammatory that triggers disease onset, and the other neuropro-
tective that promotes recovery from disease exacerbation events
[60]. Although both could be mediated directly by NO, it is
possible that the negative outcomes triggered by NO production
could ensue from its conversion to the toxic metabolite
peroxynitrite. This reactive molecule modifies proteins through
the formation of nitrotyrosine adducts and, when present at
sufficiently high levels, induces DNA damage and apoptosis
[61,62]. Overall these observations suggest that the dual role of
NO could be considered as a general rule.

In marine invertebrates, studies on the role of NO in mediating
stress response induced by toxic agents are scarce. NO is used as a
biomarker of pollution-induced stress in marine invertebrates [63]
but nothing is known as to whether this mechanism is mediated by
activating hsps. Cells respond to adverse environmental stimuli,
such as toxic concentrations of heavy metals, by enhancing the
expression of hsps which play an important role in cellular
protection [64]. The most abundant and reacting hsp to both
physiological and environmental stress is hsp70 which is highly
conserved during evolution and is currently used as a biomarker to
monitor the biological impact of toxic chemicals on various
species, including many invertebrates. For example, in sea urchins
hsp70 expression has been used as a biomarker to detect exposure
to pollutants due to the high correlation between contamination
events and hsp70 protein levels [47,65,66].

Our findings that NO production increases rapidly in response
to a toxic exogenous stimulus such as diatom aldehydes, and that
NO induces an increase in hsp70 expression levels, opens new
perspectives on the possible role of this gas as a universal
messenger to environmental stress in sea urchins. Given the
importance of diatom blooms in nutrient-rich aquatic environ-
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Figure 3. Effect of DD on the appearance of blebbing. Sea urchin embryos were treated with DD at different concentrations in the absence or
presence of 800 uM c-PTIO as described in materials and method section. Left panel: embryos were monitored for blebbing appearance at 30, 60,
100, 130, 160 and 270 min after fertilization. Control (circle); DD 5 ug/ml (diamond), 2.5 ug/ml (square), 1 ug/ml (triangle), 0.5 ng/ml (star). Dashed
lines with empty shapes indicate data obtained in the presence of c-PTIO. Right panel: Control and embryos treated with DD 1 pug/ml in the absence
or presence of 800 uM c-PTIO observed at 270 min after fertilization. Values are reported as mean =+ S.D.

doi:10.1371/journal.pone.0025980.g003

Control TRIM 20 pM TRIM 50 uM TRIM 100 pM
W5.0£2.0 W 35+15 W4.5+0.0 m5.0£1.0

DD 0.1 pg/ml +TRIM 20pM +TRIM 50pM +TRIM 100pM
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Figure 4. NO involvement in DD-induced teratogenesis. Embryo development was monitored after 48 hours post fertilization (hpf). (A)
Control eggs and eggs treated with TRIM at 20, 50 and 100 uM. (B, C) Eggs treated with DD at 0.1 pg/ml and 0.25 ug/ml, respectively in the absence
and presence of TRIM at different concentrations. *** p<<0.001 compared to the corresponding DD concentration. Blue: normal plutei. Pink: abnormal
plutei.

doi:10.1371/journal.pone.0025980.9004
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Figure 5. Gene expression levels using Real Time gPCR. (A) hsp70, NOS and caspase-8 gene expression levels were followed by Real Time
qPCR. Samples incubated with DD were collected at 5, 9, 24 and 48 hpf. (B) hsp70 in samples incubated with DD in the absence and presence of TRIM.
5T, 9T, 24T: samples treated with TRIM and collected at 5, 9 and 24 hpf, respectively. 5T+D, 9T+D, 24T+D: samples treated with TRIM and DD and
collected at different times. (C) hsp70 in samples incubated with increasing concentrations of sper/NO. Spermine was used as a control. 5INE, 9INE,
24INE: samples treated with spermine at different times; 5NO5, 9NO5, 24NO5: samples treated with sper/NO 5 uM; 5NO10, 9NO10, 24NO10: samples
treated with sper/NO 10 uM; 5NO20, 9NO20, 24N0O20: samples treated with sper/NO 20 uM; 5NO40, 9NO40, 24NO40: samples treated with sper/NO
40 uM. Data in histograms are expressed as a fold difference from control and are reported as mean =+ S.D. Fold differences greater than £2 (see
dotted horizontal guidelines at values of 2 and —2 on the histograms) were considered significant.

doi:10.1371/journal.pone.0025980.9005

ments, our results also have important implications for under-
standing the cellular mechanisms underlying the responses of
benthic organisms, such as sea urchins, to aldehyde exposure. Sea
urchin eggs and larvae may come into contact with diatom PUAs
in the field at the end of a bloom, with the mass sinking of diatoms
to the sediment. Due to the patchy nature of phytoplankton at sea,
it is reasonable to expect high local concentrations in the proximity
of breakage of diatom cells. Ribalet [67] estimated that such
concentrations were within the significant range for affecting
growth and performance of surrounding organisms. Our results
indicate that even low concentrations of PUAs can affect the
developmental program in sea urchin embryos, with evident
malformations and apoptosis induction suggesting that most of
these embryos are destined to die. What remains poorly
understood is if sea urchins actually feed on diatoms at the end
of the bloom thereby compromising their fitness.

Supporting Information
Figure S1 Effect of NOS inhibitors on sea wurchin
development. (A) Control. (B, C, D) L-NA at 20, 50 and

References

1. Mann DG (1999) The species concept in diatoms. Phycologia 38: 437-495.
2. Miralto A, Barone G, Romano G, Poulet SA, Ianora A, et al. (1999) The
insidious effect of diatoms on copepod reproduction. Nature 402: 173-176.

@ PLoS ONE | www.plosone.org

100 uM, respectively. (E, F, G) D-NA at 20, 50 and 100 uM,
respectively. (H, I, J) TRIM at 20, 50 and 100 pM, respectively.
The images were taken at 48 hpf.

(TTF)

Acknowledgments

We thank Marco Borra for real-time gPCR experiments, the Molecular
Biology Service for PCR sequencing, Davide Caramiello and the Marine
Resources for Research Service for assistance with living organisms,
Francesca Rizzo for providing the oligonucleotide primers for ubiquitin,
and Mario Di Pinto for technical assistance.

Author Contributions

Conceived and designed the experiments: GR MC Al AP. Performed the
experiments: GR MC IB AP. Analyzed the data: GR MC IB Al AP.
Contributed reagents/materials/analysis tools: AI AP. Wrote the paper:
GR MC AI AP.

3. Ianora A, Miralto A (2010) Toxigenic effects of diatoms on grazers,
phytoplancton and other microbes: a review. Ecotoxicology 19: 493—
511.

October 2011 | Volume 6 | Issue 10 | €25980



20.

21.

22.

23.

24.

27.

28.

29.

30.

31.

32.

. Pohnert G (2000) Wound-activated chemical defence in unicellular planktonic

algae. Angew Chem Int Ed 39: 4352-4354.

. D’Ippolito G, Tucci S, Cutignano A, Romano G, Cimino G, et al. (2004) The

role of complex lipids in the synthesis of bioactive aldehydes of the marine
diatom Skeletonema costatum. Biochim Biophys Acta 1686: 100-107.

“utignano A, d’Ippolito G, Romano G, Lamari N, Cimino G, et al. (2006)
Chloroplastic glycolipids fuel aldehyde biosynthesis in the marine diatom
Thalassiosira rotula. Chembiochem 7: 450-456.

. Fontana A, d’Ippolito G, Cutignano A, Romano G, Lamari N, et al. (2007)

LOX-induced lipid peroxidation mechanism responsible for the detrimental
effect of marine diatoms on zooplankton grazers. Chembiochem 8: 1810-1818.

. Andreou A, Brodhun F, Feussner I (2009) Biosynthesis of oxylipins in non-

mammals. Prog Lipid Res 48: 148-170.

. Leflaive J, Ten-Hage L (2009) Chemical interactions in diatoms: role of

polyunsaturated aldehydes and precursors. New Phytol 184: 794-805.
“aldwell GS (2009) The influence of bioactive oxylipins from marine diatoms on
invertebrate reproduction and development. Mar Drugs 7: 367-400.

. Romano G, Miralto A, Ianora A (2010) Teratogenic effects of diatom

metabolites on sea urchin Paracentrotus lividus embryos. Mar Drugs 8: 950-967.

. Caldwell GS, Olive PJW, Bentley MG (2002) Inhibition of embryonic

development and fertilization in broadcast spawning marine invertebrates by
water soluble diatom extracts and the diatom toxin 2-trans,4-trans decadienal.
Aquat Toxicol 60: 123-137.

. Caldwell GS, Bentley MG, Olive PJW (2004) First evidence of sperm motility

inhibition by the diatom aldehyde 2E,4E-decadienal. Mar Ecol Progr Ser 273:
97-108.

. Hansen E, Even Y, Geneviere AM (2004) The alpha, beta, gamma, delta-

unsaturated aldehyde 2-trans-4-trans-decadienal disturbs DNA replication and
mitotic events in early sea urchin embryos. Toxicol Sci 81: 190-197.

. Pohnert G, Lumineau O, Cueff' A, Adolph S, Cordevant C, et al. (2002) Are

volatile unsaturated aldehydes from diatoms the main line of chemical defence
against copepods? Mar Ecol Progr Ser 245: 33-45.

. Adolph S, Poulet SA, Pohnert G (2003) Synthesis and biological activity of

alpha, beta, gamma, delta-unsaturated aldchydes from diatoms. Tetrahedron
59: 3003-3008.

. Romano G, Russo GL, Buttino I, Ianora A, Miralto A (2003) A marine diatom-

derived aldehyde induces apoptosis in copepod and sea urchin embryos. J Exp

Biol 206: 3487-3494.

. Leckie C, Empson R, Becchetti A, Thomas J, Galione A, et al. (2003) The NO

pathway acts late during the fertilization response in sea urchin eggs. J Biol
Chem 278: 12247-12254.

. Mohri T, Sokabe M, Kyozuka K (2008) Nitric oxide (NO) increase at

fertilization in sea urchin eggs upregulates fertilization envelope hardening. Dev
Biol 322: 251-262.

Sluder G, Miller EJ, Hinchcliffe EH (1999) Using sea urchin gametes for the
study of mitosis. Methods Cell Biol 61: 439-472.

Davidson EH, Rast JP, Oliveri P, Ransick A, Calestani C, et al. (2002) A
genomic regulatory network for development. Science 295: 1669-1678.
Oliveri P, Davidson EH (2004) Gene regulatory network controlling embryonic
specification in the sea urchin. Curr Opin Genet Dev 14: 351-360.

Ettensohn CA, Kitazawa C, Cheers MS, Jennifer D, Leonard JD, et al. (2007)
Gene regulatory networks and developmental plasticity in the early sea urchin
embryo: alternative deployment of the skeletogenic gene regulatory network.
Development 134: 3077-3087.

Bishop CD, Brandhorst BP (2001) NO/cGMP signaling and HSP90 activity
represses metamorphosis in the sea urchin Lytechinus pictus. Biol Bull 20: 394-404.

. Bishop CD, Brandhorst BP (2007) Development of nitric oxide synthase-defined

neurons in the sea urchin larval ciliary band and evidence for a chemosensory
function during metamorphosis. Dev Dyn 236: 1535-1546.

5. Giovine M, Pozzolino M, Favre A, Bavestrello G, Cerrano C, et al. (2001) Heat

stress-activated, calcium-dependent nitric oxide synthase in sponges. Nitric
Oxide 5: 427-431.

Zhang 7B, Liu CY, Wu ZZ, Xing L, Li PF (2006) Detection of nitric oxide in
culture media and studies on nitric oxide formation by marine microalgae. Med
Sci Monit 12: 75-85.

Perez S, Weis V (2006) Nitric oxide and cnidarian bleaching: an eviction notice
mediates breakdown of a symbiosis. ] Exp Biol 209: 2804-2810.

Bouchard JN, Yamasaki H (2008) Heat stress stimulates nitric oxide production
in Symbiodinium microadriaticum: a possible linkage between nitric oxide and the
coral bleaching phenomenon. Plant Cell Physiol 49: 641-652.
Trapido-Rosenthal H, Zielke S, Owen R, Buxton L, Boeing B, et al. (2005)
Increased zooxanthellae nitric oxide synthase activity is associated with coral
bleaching. Biol Bull 208: 3-6.

Mattiello T, Fiore G, Brown ER, d’Ischia M, Palumbo A (2010) Nitric oxide
mediates the glutamate-dependent pathway for neurotransmission in Sepia
officinalis chromatophore organs. J Biol Chem 285: 24154-24163.

Pagano G, Cipollaro M, Corsale G, Esposito A, Ragucci E, et al. (1986) The Sea
Urchin: Bioassay for the Assessment of damage from environmental contam-
inants. Philadelphia: American Society for testing and materials. pp 67-92.
Nemer M, Rondinelli E, Infante D, Infante AA (1991) Polyubiquitin RNA
characteristics and conditional induction in sea urchin embryos. Dev Biol 145:

255-226.

@ PLoS ONE | www.plosone.org

34.

36.

37.

38.

39.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.
52.

53.

54.

56.

57.

58.

60.

61.

62.

63.

Stress Response in Sea Urchin

Cole AG, Rizzo F, Martinez P, Fernandez-Serra M, Arnone MI (2009) Two
parahox genes, SpLox and SpCdx, interact to partition the posterior endoderm
in the formation of a functional gut. Development 136: 541-549.

5. Rozen 8, Skaletsky HJ (2000) Primer3 on the WWW for general users and for

biologist programmers. In: Krawetz S, Misener S, Totowa NJ, eds. Bioinfor-
matics Methods and Protocols: Methods in Molecular Biology Humana Press.
pp 365-386.

Sconzo G, Scardina G, Ferraro MG (1992) Characterization of a new member
of the sea urchin Paracentrotus lividus hsp70 gene family and its expression. Gene
121: 353-358.

Sakamaki K, Satou Y (2009) Caspases: evolutionary aspects of their functions in
vertebrates. J Fish Biol 74: 727-753.

Pfaffl MW (2001) A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acid Research 29: e45.

Pfaffl MW, Horgan GW, Dempfle L (2002) Relative expression software tool
(REST) for group-wise comparison and statistical analysis of relative expression
results in real-time PCR. Nucleic Acid Research 30: e36.

Willmott N, Sethi JK, Walseth TF, Lee HC, White AM, et al. (1996) Nitric
oxide-induced mobilization of intracellular calcium via the cyclic ADP-ribose
signaling pathway. J Biol Chem 271: 3699-3705.

Matranga V, Bonaventura R, Di Bella G (2002) Hsp70 as a stress marker of sea
urchin coelomocytes in short term cultures. Cell Mol Biol 48: 345-349.
Casano C, Gianguzza F, Roccheri MC, Di Giorgi R, Maenza L, et al. (2003)
Hsp40 is involved in cilia regeneration in ea urchin embryos. J Histochem
Cytochem 51: 1581-1587.

Bonaventura R, Zito F, Costa C, Giarrusso S, Celi F, et al. (2011) Stress response
gene activation protects sea urchin embryos exposed to X-rays. Cell Stress
Chaperones July 1.

Roccheri MC, Di Bernardo MG, Giudice G (1981) Synthesis of heat shock
proteins in developing sea urchins. Dev Biol 83: 173-177.

. Roccheri MC, Cascino D, Giudice G (1993) Two-dimensional electrophoretic

analysis of stress proteins in Paracentrotus lividus. J Submicrosc Cytol Pathol 25:
173-179.

Giudice G, Sconzo G, Roccheri MC (1999) Studies on heat shock proteins in sea
urchin development. Dev Growth Differ 41: 375-380.

Roccheri MC, La Rosa M, Ferraro MG, Cantone M, Cascino D, et al. (1988)
Stress proteins by zinc ions in sea urchin embryos. Cell Diff 24: 209-213.
Roccheri MC, Agnello M, Bonaventura R, Matranga V (2004) Cadmium
induces the expression of specific stress proteins in sea urchin embryos. Biochem
Biophys Res Commun 321: 80-87.

Roccheri MC, Onorato K, Tipa C, Casano C (2000) EGTA treatment causes
the synthesis of heat shock proteins in sea urchin embryos. Mol Cell Biol Res
Commun 3: 306-311.

Malyshev 1Y, Malugin AV, Golubeva LY, Zenina TA, Manukhina EB, et al.
(1996) Nitric oxide donor induces HSP70 accumulation in the heart and in
cultured cells. FEBS Lett 391: 21-23.

Snyder SH (1993) Janus faces of nitric oxide. Nature 364: 577.

Vardi A, Formiggini F, Casotti R, De Martino A, Ribalet F, et al. (2006) A stress
surveillance system based on calcium and nitric oxide in marine diatoms. PLoS
Biol 4: €60.

Laspina NV, Groppa MD, Tomaro ML, Benavides MP (2005) Nitric oxide
protects sunflower leaves against Cd-induced oxidative stress. Plant Sci 169:
323-330.

Song LL, Ding W, Zhao MG, Sun BT, Zhang LX (2006) Nitric oxide protects
against oxidative stress under heat stress in the calluses from two ecotypes of
reed. Plant Sci 171: 449-458.

Shi Q, Ding F, Wang X, Wie M (2007) Exogenous nitric oxide protect cucumber
roots against oxidative stress induced by salt stress. Plant Physiol Biochem 45:
542-550.

Vital SA, Fowler RW, Virgen A, Gossett DR, Banks SW, et al. (2008) Opposing
roles for superoxide and nitric oxide in the NaCl stress-induced upregulation of
antioxidant enzyme activity in cotton callus tissue. Environ Exp Bot 62: 60-68.
Zhao L, He J, Wang X, Zhang L (2008) Nitric oxide protects against
polyethylene glycol-induced oxidative damage in two ecotypes of reed
suspension cultures. J Plant Physiol 165: 182-191.

Singh HP, Kaur S, Batish DR, Sharma VP, Sharma N, et al. (2009) Nitric oxide
alleviates arsenic toxicity by reducing oxidative damage in the roots of Orza
sativa (rice). Nitric Oxide 20: 289-297.

. Zhang Y, Tan ], Guo Z, Lu S, He S, et al. (2009) Increased abscisic acid levels in

transgenic tobacco over-expressing 9 cis-epoxycarotenoid dioxygenase influence
H,0, and NO production and antioxidant defences. Plant Cell Environ 32:
509-519.

Wu M, Tsirka SE (2009) Endothelial NOS-deficient mice reveal dual roles for
nitric oxide during experimental autoimmune encephalomyelitis. Glia 57:
1204-1215.

Brown GC, Bal-Price A (2003) Inflammatory neurodegeneration mediated by
nitric oxide, glutamate, and mitochondria. Mol Neurobiol 27: 325-355.
Kroncke KD, Fehsel K, Suschek C, Kolb-Bachofen V (2001) Inducible nitric
oxide synthase-derived nitric oxide in gene regulation, cell death and cell
survival. Int Immunopharmacol 1: 1407-1420.

Smith KL, Galloway TS, Depledge MH (2000) Neuro-endocrine biomarkers of
pollution-induced stress in marine invertebrates. Sci Total Environ 262:

185-190.

October 2011 | Volume 6 | Issue 10 | €25980



64. Parsell DA, Lindquist S (1993) The function of heat-shock proteins in stress
tolerance: degradation and reactivation of damaged proteins. Annu Rev Genet
27: 437-496.

65. Matranga V, Toia G, Bonaventura R, Muller WEG (2000) Cellular and
biochemical responses to environmental and experimentally induced stress in sea
urchin coelomocytes. Cell Stress Chaperones 5: 112-113.

@ PLoS ONE | www.plosone.org

66.

67.

Stress Response in Sea Urchin

Pinsino A, Matranga V, Trinchella F, Roccheri MC (2010) Sea urchin embryos
as an in vivo model for the assessment of manganese toxicity: developmental and
stress response effects. Ecotoxicology 19: 555-562.

Ribalet F, Berges JA, Ianora A, Casotti R (2007) Growth inhibition of cultured
marine phytoplankton by toxic algal-derived polyunsaturated aldehydes. Aquat
Toxicol 85: 219-227.

October 2011 | Volume 6 | Issue 10 | €25980



